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ABSTRACT
It has been suggested that the central stellar velocity dispersion of galaxies can trace dark matter
halo mass directly. We test this hypothesis using a complete spectroscopic sample of isolated galaxies
surrounded by faint satellite galaxies from the Sloan Digital Sky Survey Data Release 12. We apply
a friends-of-friends algorithm with projected linking length ∆D < 100 kpc and radial velocity linking
length ∆V < 1000 km s−1 to construct our sample. Our sample includes 2807 isolated galaxies
with 3417 satellite galaxies at 0.01 < z < 0.14. We divide the sample into two groups based on the
primary galaxy color: red and blue primary galaxies separated at (g − r)0 = 0.85. The central stellar
velocity dispersions of the primary galaxies are proportional to the luminosities and stellar masses
of the same galaxies. Stacking the sample based on the central velocity dispersion of the primary
galaxies, we derive velocity dispersions of their satellite galaxies, which trace dark matter halo mass
of the primary galaxies. The system velocity dispersion of the satellite galaxies shows a remarkably
tight correlation with the central velocity dispersion of the primary galaxies for both red and blue
samples. Particularly, the slope of the relation is identical to one for red primary systems. This tight
relation suggests that the central stellar velocity dispersion of galaxies is indeed an efficient and robust
tracer for dark matter halo mass. We provide empirical relations between the central stellar velocity
dispersion and the dark matter halo mass.
Keywords: dark matter — galaxies:evolution—galaxies:formation—galaxies:kinematics and
dynamics—galaxies: halos
1. INTRODUCTION
1.1. Tracing Dark Matter Halo Mass
According to the modern galaxy formation scenario
based on ΛCDM cosmology, galaxies are formed and em-
bedded in dark matter halos, so there must be close rela-
tions between galaxy properties and dark matter halo
properties (Wechsler, & Tinker 2018; Behroozi et al.
2019; Burkert & Forbes 2020 and references therein).
However, it is not easy to derive directly the extent and
total mass of dark matter around galaxies.
Various methods have been applied to estimate the
amount of dark matter in galaxies and groups/clusters
of galaxies (see reviews like Courteau et al. 2014; Salucci
2019 and references therein). Traditionally, dynamical
tracers (stars, globular clusters, planetary nebulae, HII
regions, HI gas, or satellite galaxies) have been used for
mass estimation. In particular, the kinematics of satel-
lite galaxies among them has been a powerful tool to
study the dark matter in the Local Group (Lynden-Bell,
& Frenk 1981; Watkins et al. 2010; McConnachie 2012).
However, this method can be applied only to a small
number of nearby galaxies and they must have a reason-
able number of satellite galaxies (Watkins et al. 2010;
Wechsler, & Tinker 2018).
1.2. Satellite Kinematics
A number of previous studies used statistical (or stack-
ing) analysis of satellite kinematics for a large number of
isolated galaxies in order to investigate the property of
∗corresponding author : mglee@astro.snu.ac.kr
dark matter halos (Zaritsky et al. 1993, 1997; McKay et
al. 2002; Prada et al. 2003; Brainerd 2005; Conroy et al.
2007; Klypin, & Prada 2009; Dutton et al. 2010; More et
al. 2011; Wojtak & Mamon 2013; van Uitert et al. 2016;
Lange et al. 2019). However, this approach can only be
applied to galaxies with satellites, which are only found
in the local universe.
Therefore, simple proxies which can be applied to a
large sample of galaxies are often used to estimate dark
matter halo mass indirectly. It is known that the lumi-
nosity or stellar mass of galaxies shows a correlation with
dark halo mass derived from their satellite observations,
but their relations have been controversial (Norberg et
al. 2008; Wojtak & Mamon 2013; van Uitert et al. 2016).
1.3. Central Velocity Dispersion as a Proxy for Dark
Matter Halo Mass
In their pioneering paper, Faber & Jackson (1976)
found that the central stellar velocity dispersion obtained
from 25 elliptical and S0 galaxies increases with the
galaxy B-band luminosity according to LB ∝ σ40 , the
Faber-Jackson relation. Later, Whitmore et al. (1979)
found that the bulges of spiral galaxies follow a similar
relation. These studies and numerous following studies
showed that the kinematic properties of the central re-
gion of a galaxy are linked with the properties of the
entire galaxy (like luminosity and stellar mass, see Davis
et al. (2019) and references therein).
Recently it has been suggested that the central stel-
lar velocity dispersion of a galaxy can be also a robust
proxy of the dark matter halo velocity dispersion and the
dark matter halo mass (Schechter 2015; Zahid et al. 2016,
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22018). Based on the Illustris-1 hydrodynamical cosmo-
logical simulations (Vogelsberger et al. 2014), Zahid et
al. (2018) showed that the stellar velocity dispersion of
quiescent galaxies is proportional to the dark matter halo
velocity dispersion. The tight relation (∼0.2 dex scatter)
indicates that the dark matter halo mass can be esti-
mated well from the central stellar velocity dispersion of
central (primary) galaxies.
Several observational studies also suggest that the cen-
tral stellar velocity dispersion is a good tracer of dark
matter halo mass (Wake et al. 2012; Zahid et al. 2016;
Sohn et al. 2020). The central velocity dispersion has sev-
eral advantages in estimating the dark matter halo mass
over luminosity and stellar mass (e.g., Sohn et al. 2017a).
The central velocity dispersion is relatively insensitive
to the systematic uncertainties (Sohn et al. 2017a) that
can be introduced by photometry and the underlying
physical models to derive photometry and stellar mass
(e.g., Conroy et al. 2007; Bernardi et al. 2013). Za-
hid et al. (2016) demonstrated that the stellar mass and
central stellar velocity dispersion relation has a similar
slope to that of the relation between dark matter halo
mass and dark matter velocity dispersion. This consis-
tency suggests that central stellar velocity dispersion is
directly proportional to dark matter halo velocity disper-
sion. More recently, Sohn et al. (2020) showed that the
central stellar velocity dispersion of the Brightest Clus-
ter Galaxies (BCGs) is tightly correlated with the system
velocity dispersion of cluster galaxies. This tight relation
supports the idea that the central stellar velocity disper-
sion of the central galaxy can trace the dark matter halo
mass.
1.4. Goals of This Study
In this study, we present an empirical test of the above
hypothesis that the central stellar velocity dispersion of
a galaxy can be a robust proxy of the dark matter halo
velocity dispersion and the dark matter halo mass, using
a large sample of isolated galaxies with satellite galax-
ies. We construct a complete sample of isolated galaxies
surrounded by faint satellite galaxies from the Sloan Dig-
ital Sky Survey (SDSS) Data Release 12 (DR12) spectro-
scopic data. Based on this complete sample, we explore
the relation between the satellite velocity dispersion and
the central stellar velocity dispersion of primary galax-
ies. We also study the dependence of satellite velocity
dispersion on other physical properties of their primary
galaxies (i.e., luminosity and stellar mass). We then de-
rive the empirical relations between the central stellar
velocity dispersion of the primary galaxy and its dark
matter halo mass.
This paper is organized as follows. In Section 2 we
describe how we select samples of isolated galaxies with
satellites from the SDSS data. In §3, we present the
properties of the primary galaxies and estimate system
velocity dispersion of satellite galaxies. Then we inves-
tigate the relations between the satellite velocity disper-
sion and the properties of the primary galaxies (central
stellar velocity dispersion, stellar mass, luminosity, and
dark matter halo mass) in §4. In §5, we discuss the impli-
cations of the main results, and we summarize the main
results in §6. Throughout the paper, we adopt a stan-
dard ΛCDM cosmology (Ωm = 0.3 and ΩΛ = 0.7) with
H0 = 70 km s
−1 Mpc−1.
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Figure 1. A histogram of the linear scale of SDSS fiber radius
(1.5 arcsec) used for the central region of each primary galaxy.
The dashed and dotted lines represent the mean and median value,
respectively.
2. DATA AND SAMPLE SELECTION
2.1. Data
We used a catalog of galaxies at 0.01 ≤ z < 0.14
based on the enhanced SDSS DR12 spectroscopic cat-
alog, which was used in the study of compact groups of
galaxies by Sohn et al. (2016). A detailed description of
the catalog is given in Sohn et al. (2016, 2017a). This
catalog includes spectroscopic redshifts obtained from
the SDSS and the NASA/IPAC Extragalactic Database.
For r-band absolute magnitudes and (g − r)0 colors of
galaxies we use composite model (cModel) magnitudes.
Absolute magnitudes of galaxies are corrected for kz=0.0
correction, evolution, and foreground extinction. We de-
rive the stellar masses of galaxies using the LePHARE
spectral energy distribution fitting code (Arnouts et al.
1999; Ilbert et al. 2006).
We obtain the central stellar velocity dispersion of
galaxies from the Portsmouth reduction (Thomas et al.
2013). These velocity dispersion measurements are in
good agreement with those from the SDSS pipeline. We
use only the values of the galaxies which show a signal
to noise ratio larger than σ0/δσ0 = 3. The central ve-
locity dispersion we use is measured through 1.5 arcsec
radius SDSS fiber. Because our target galaxies are dis-
tributed in a wide redshift range 0.01 < z < 0.14, the
physical coverage of the SDSS fiber varies with the red-
shift of target galaxies. Figure 1 shows the distribution of
the physical coverage of SDSS fiber radius on the sample
galaxies. The physical coverage of the SDSS fiber radius
ranges from 0.3 kpc to 5 kpc with a mean value of 1.5
kpc.
We apply an aperture correction to compute the cen-
tral velocity dispersion measured with fixed aperture.
We calculate the aperture-corrected velocity dispersion
within 1.5 kpc corresponding to the mean SDSS fiber
size of the sample. The aperture correction we apply
is: σ∗/σSDSS = (R0/RSDSS)−0.054±0.005 where σ∗ is the
aperture-corrected velocity dispersion, R0 is the angular
size of 1.5 kpc at given redshifts of galaxies. This aper-
ture correction is similar to the previous studies (e.g.,
3Cappellari et al. 2006; Zahid et al. 2016). The typical
amount of the aperture correction is only ∼ 2.5%. Here-
after, we refer to this aperture-corrected velocity disper-
sion σ∗ as the central stellar velocity dispersion.
2.2. Identification of Isolated Galaxies with Satellites
Field galaxies that host many low-mass satellite galax-
ies are ideal targets to investigate the relation between
the kinematics of satellite galaxies and the dark mat-
ter halo. However, such systems are rare except for the
massive galaxies in the nearby universe (Watkins et al.
2010; Karachentsev et al. 2013; Karachentsev, & Kaisina
2019). Therefore, most previous studies of satellite kine-
matics use a method of stacking satellite systems from
a large number of isolated galaxies (Zaritsky et al. 1993,
1997; McKay et al. 2002; Prada et al. 2003; Brainerd
2005; Conroy et al. 2007; Klypin, & Prada 2009; Dutton
et al. 2010; More et al. 2011; Wojtak & Mamon 2013; van
Uitert et al. 2016; Zahid et al. 2018; Lange et al. 2019).
We adopt the same method in this study.
We construct a complete set of isolated galaxies with
faint satellite galaxies from the SDSS spectroscopic sam-
ple. We use a friends-of-friends (FoF) algorithm (Huchra
& Geller 1982) to find systems hosting a dominant pri-
mary galaxy surrounded by faint satellites. Sohn et al.
(2016) already identified similar systems based on SDSS
while they were identifying compact groups of galaxies.
However, they applied a strict definition of faint satel-
lites (∆r > 3 mag) and used a tighter projected linking
length of ∆D ≤ 50h−1 kpc. In this study, we extend
the identification of such systems in Sohn et al. (2016)
based on more generous classification criteria to enlarge
the sample size.
We use a fixed projected linking length of ∆D = 100
kpc and a radial velocity linking length of |∆V | = 1000
km s−1. The radial linking length of |∆V | = 1000 km s−1
is consistent with previous studies that identified galaxy
groups (Barton et al. 1996; Sohn et al. 2016). We note
that more than a half of satellite dwarf galaxies are found
at R < 100 kpc in the Milky Way galaxy that has a virial
radius of about 300 kpc (McConnachie 2012; Kashibadze,
& Karachentsev 2018; Karachentsev, & Kaisina 2019).
We adopt a projected linking length smaller than the
virial radius to reduce any contamination due to inter-
lopers in the samples.
We then identify isolated galaxies with faint satellite
galaxies. We define faint satellite galaxies as the galax-
ies that are more than 2 magnitudes fainter than their
host (i.e., ∆r > 2 mag). We identify the galaxy systems
that only contain the faint satellite galaxies. In other
words, if a FoF system contains any satellite galaxies
with ∆r < 2 mag compared to their host galaxy, we re-
move this FoF system from our sample. As a result, our
sample includes the FoF systems consisting of primary
galaxies surrounded by only satellites that are at least 2
magnitude fainter than their primaries. Because the lim-
iting r−band magnitude of the main SDSS spectroscopic
sample is 17.77 mag, we identify primary galaxies with
r < 15.77 mag.
We identify 26430 FoF systems from the SDSS spec-
troscopic data: 22288 pairs (N = 2) and 4142 groups
(N ≥ 3). Among these systems, there are only 3390
(∼ 13%) systems with 4218 faint satellites that satisfy
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Figure 2. (Left) The relative rest-frame radial velocity differ-
ences between primary galaxies and their satellite galaxies as a
function of projected galactocentric distance to the satellite galax-
ies. (Right) The distribution of radial velocity differences.
the satellite magnitude selection (∆r > 2 mag): 2842
pairs (N = 2) and 548 groups (N ≥ 3). The satellite
magnitude selection significantly removes bright pairs
and groups that are widely used for studying galaxy
properties in galaxy pairs (e.g., Ellison et al. 2010) or
groups (e.g., Tempel et al. 2014). We additionally check
the contamination of central galaxies in dense cluster en-
vironments. We compile three largest catalogs of the
brightest cluster galaxies (BCGs) (Lauer et al. 2014;
Kluge et al. 2020; Sohn et al. 2020); there are 566 BCGs
within the redshift range 0.00 < z < 0.14. Among 3390
systems we identify, the primary galaxies of 33 systems
are known BCGs. To reduce the contamination of the
cluster galaxies, we remove these systems (33 primaries
hosting 89 satellites) in our sample. We then match this
list with the catalog of central stellar velocity dispersion
with σ0/δσ0 = 3. The final catalog we use includes 2807
primary galaxies with central stellar velocity dispersion
and 3417 satellite galaxies.
Figure 2 shows the stacked phase-space diagram (i.e.,
R − v diagram) of the entire sample. We place the pri-
mary galaxies at the center and calculate the projected
galactocentric distance of satellites (∆D) and the radial
velocity differences (∆V = c∆z/(1+zprimary), where ∆z
is the redshift difference and zprimary is the redshift of
primary galaxy). A majority of satellites are located at
∆D < 100 kpc, and a small number of them are located
out to ∆D ≈ 260 kpc. We plot the histogram of ∆V
for all satellites in the right panel of the figure. Most
satellites are concentrated around ∆V = 0, which indi-
cates that a majority are gravitationally bound to their
primary galaxies.
The sharp edge at ∆D ∼ 100 kpc is due to the linking
length we adopted. There are a small number of satel-
lite galaxies at ∆D > 100 kpc. These satellites are the
members of the systems with N ≥ 3. These satellites are
friends of satellites within the linking length from the
primary galaxies.
The ∆V distribution shows a trumpet-like shape be-
cause the wing components are higher than the normal
Gaussian distribution. In Figure 3, we display satel-
lite velocity distributions as a function of central stellar
velocity dispersion of primary galaxies (σ∗,prim). The
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Figure 3. The distribution of relative velocity difference (∆V ) of satellite galaxies with respect to their primary galaxies. Top rows show
∆V distributions for red primary galaxies, and bottom rows show for blue primary galaxies. Open histograms show ∆V of all satellites,
light-shaded histograms represent selected satellite galaxies after 2.7-sigma clipping, and dark-shaded regions represent biweight σsat value.
velocity spread of satellite galaxies increases as σ∗,prim
increases. Thus the trumpet-like shape in Figure 2 is
mainly due to superposition of narrow velocity distribu-
tions of a large number of low mass systems and broad
velocity distributions of a smaller number of high mass
systems, and due to the possibility that the higher veloc-
ity dispersion systems (high mass systems) have propor-
tionally more satellites at larger radii.
There are a number of satellite galaxies with ∆V > 500
km s−1. Those in low mass systems are mostly 3 sigma
outliers, while those in high mass systems are not. Those
in high mass systems with σ∗,prim > 200 km s−1 are
mostly considered to be satellite members of groups.
2.3. Classification of Primary Galaxies
Previous studies that explore the stellar velocity dis-
persion of galaxies often select early-type or quiescent
galaxies (Faber & Jackson 1976; Zahid et al. 2016; Sohn
et al. 2017a,b), using colors or central spectral features
Dn4000 of galaxies. Here we build two subsamples
with early-type and late-type primary galaxies based
on color and Dn4000. Dn4000 is a spectral index for
the strength of the 4000 A˚ break, which is defined as
Fν(4000−4100A˚)/Fν(3850−3950A˚) (Balogh et al. 1999;
Fabricant et al. 2008; Geller et al. 2014). Dn4000 shows
a strong correlation with stellar population age, and
Dn4000 = 1.6 corresponds approximately to the stellar
population age of 1 Gyr (Kauffmann et al. 2003). In the
literature, the galaxies with Dn4000 ≥ 1.6 are often clas-
sified as quiescent galaxies, and those with Dn4000 < 1.6
are classified as star-forming galaxies (Mignoli et al. 2005;
Woods et al. 2010). We note that the color of a galaxy
represents the mean property of the entire stellar pop-
ulation of the galaxy, while the Dn4000 of a galaxy we
measure with SDSS fibers represents only the stellar pop-
ulation in the central region of the galaxy.
Figure 4 displays Dn4000 versus (g−r)0 of the primary
galaxies. Dn4000 shows a strong correlation with (g −
r)0 color, but with a significant scatter. The top panel
of Figure 4 shows the (g − r)0 color distribution of the
primary galaxies. The right panel of Figure 4 displays
the histogram of Dn4000 of the primary galaxies. The
Dn4000 distribution of red galaxies shows a dominant
single peak at Dn4000 ≈ 2.0. In contrast, the Dn4000
distribution of blue galaxies shows two comparable peaks
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Figure 4. Dn4000 vs. (g − r)0 color of primary galaxies and
the distribution of each parameter (upper and right panels). Blue
and red symbols represent blue and red galaxies, respectively. The
dashed lines mark the boundary used for classification of primary
galaxies.
at Dn4000 ≈ 1.4 and 1.8, with a minimum at Dn4000 ≈
1.6. This comparison suggests that a quiescent galaxy
identification based only on Dn4000 includes a majority
of red galaxies, but includes also some blue galaxies.
Figure 5 displays a color-magnitude diagram (CMD)
of the selected primary galaxies: quiescent galaxies with
Dn4000 ≥ 1.6 and star forming galaxies with Dn4000 <
1.6. For comparison, we plot the color histograms of qui-
escent and star forming galaxies in the top panel. The
CMD of the quiescent galaxies shows a strong concentra-
tion of red galaxies along the red sequence with a peak
color at (g − r)0 ≈ 0.95. Star-forming galaxies are much
bluer than the red sequence and show a much broader
color range. It is also noted that a small number of qui-
escent galaxies (as well as star forming galaxies) show
opposite trends. These galaxies must have different star
formation histories between the central region and outer
region in the same galaxy.
We divide the sample of primary galaxies according
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Figure 5. Color-magnitude diagrams (middle and bottom panels)
and color distributions (top panel) of primary galaxies. Red and
blue symbols show quiescent and star-forming populations segre-
gated by Dn4000 = 1.6. The black dashed lines mark the boundary
of blue and red galaxies.
to their colors: red galaxies with (g − r)0 > 0.85 and
blue galaxies with (g − r)0 ≤ 0.85. We divided the
sample by color because it is an efficient approximate
proxy for morphology (early types vs. late types), kine-
matics (pressure-dominated vs rotation-dominated) and
star-formation history, as adopted in the previous studies
(e.g., More et al. 2011; Wojtak & Mamon 2013; Lange et
al. 2019). In this classification, ∼ 95% of red galaxies are
quiescent galaxies with Dn4000 ≥ 1.6. Based on visual
inspection of SDSS images of the primary galaxies, we
confirm that the red galaxies are mostly early types and
the blue galaxies are mainly late types. Hereafter, these
red and blue primary galaxies are the main subsamples
in the following analysis.
We note that we repeated the following analyses based
on the quiescent and star-forming galaxies segregated by
Dn4000 = 1.6. The results for quiescent primary galaxies
are essentially identical to the results for red primary
galaxies. Thus, we mention the analyses for quiescent
galaxies only when needed in the following.
We include the systems with blue primary galaxies.
Because blue galaxies are mostly disk galaxies, their cen-
tral velocity dispersion can be affected by rotation. How-
ever, the central stellar velocity dispersion of these galax-
ies measured with an SDSS fiber represents mainly the
bulge kinematics. Thus, it may be much less affected by
the effect of rotation; Aquino-Ort´ız et al. (2020) showed
Table 1
Number of Galaxies in Subsamples
Sample NPrimary NSatellite
FoF Systems 3390 4218
All primaries (σ0/δσ0 > 3) 2807 3417
Red primaries ((g − r)0 > 0.85, σ/δσ > 3) 1938 2461
Blue primaries ((g − r)0 ≤ 0.85, σ/δσ > 3) 869 956
that the effect of rotation is minor to the stellar veloc-
ity dispersion at R < 1.5 kpc in the low redshift late-
type galaxies based on stellar kinematics derived from
MANGA and CALIFA sample of 2458 galaxies (see their
Figures 2 and 3). We did not take the rotation effect
into account in using the measured central velocity dis-
persion of individual blue galaxies (as well as in applying
the aperture correction and the inclination correction),
because the effect of rotation is considered to be minor
and because it is difficult to estimate the fraction of the
rotation effect in our sample from the SDSS fiber spectra.
Table 1 summarizes the number of each subsample.
Main subsamples for the following analysis are 1938 red
primaries with 2461 satellites and 869 blue primaries
with 956 satellites. The number of quiescent primaries
(2142) with satellites (2681) is slightly larger than that
of the red ones.
2.4. Sample Completeness
The galaxy catalog we use is constructed from the
SDSS spectroscopic sample, which is slightly incomplete
due to fiber collision. Lazo et al. (2018) demonstrated
that the incompleteness of the SDSS spectroscopic sam-
ple is ∼ 7% (see also Strauss et al. 2002). This survey
incompleteness may impact the identification of satellite
galaxies around isolated galaxies.
We calculate the ratio between the number of spectro-
scopic galaxies and the number of photometric galax-
ies as a spectroscopic survey completeness. Figure 6
compares the distributions of satellite galaxy candidates
in the photometric (open histograms) and spectroscopic
(hatched histograms) samples with respect to (a) r-band
magnitude of primary galaxies, (b) angular separation
of satellite candidates from their primary galaxies, (c)
redshift of primary galaxies, and (d) projected distances
(∆D) of satellites from their primary galaxies. The
blue symbols show the spectroscopic survey complete-
ness. Here we compute the spectroscopic survey com-
pleteness to r = 17.77 mag, the SDSS spectroscopic sur-
vey limit. The completeness of our sample is larger than
90% and is almost constant for the entire range of appar-
ent magnitudes, redshifts, and angular separation. The
survey completeness is relatively low (∼ 70%) near pri-
mary galaxies (∆D < 20 kpc), mainly due to the fiber
collision. However, the number of galaxies with missing
spectroscopic information near primary galaxies is also
small (N = 12). In conclusion, the spectroscopic survey
is essentially complete and it would not significantly af-
fect analysis of the galaxy systems with spectroscopically
identified satellites.
3. PHYSICAL PROPERTIES OF GALAXY SYSTEMS
3.1. Satellite Number Distribution
Figure 7 displays the distribution of satellite numbers
per all (open), red (hatched), and blue (filled) primary
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Figure 6. The number distribution of faint satellite galaxy can-
didates (two or more magnitudes fainter than their primary galax-
ies) in the photometric (gray open histograms) and spectroscopic
(green hatched histograms) samples with respect to (a) r-band
magnitudes of primary galaxies, (b) angular separation from pri-
mary galaxies, (c) redshifts of primary galaxies, and (d) projected
distances of satellites from primary galaxies. Blue symbols repre-
sent the completeness of the spectroscopic samples. Completeness
scale is labeled on the right axes.
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Figure 7. Distributions of the number of satellite galaxies for each
primary galaxy: all primaries (open), red primaries (hatched), and
blue primaries (filled).
galaxies. All primary galaxies have less than ten satel-
lite galaxies and the median number of satellites per pri-
mary is two. The blue primary galaxies generally host
fewer satellites than the red primary galaxies because the
former are generally fainter (and less massive) than the
latter.
3.2. Estimation of Velocity Dispersion of Galaxy
Systems
The velocity dispersion of relaxed systems is widely
used to estimate the dynamical mass of a system based on
the virial theorem (Watkins et al. 2010). In general, the
velocity dispersion of galaxy systems is derived from the
line-of-sight radial velocity of satellites except in some
cases like the Local group where there are three dimen-
sional velocities of satellites available.
Because each primary galaxy in the sample hosts only
a few satellites, estimating the velocity dispersion of an
individual galaxy system has a significant uncertainty.
Thus, we compute the system velocity dispersion from
the stacked galaxy sample. We are interested in the re-
lation between the velocity dispersion of a galaxy system
and the central stellar velocity dispersion of the host
galaxy in the system. Therefore, we stacked samples
based on the central stellar velocity dispersion of the host
galaxy. We divide the red and blue primary galaxies in
several velocity dispersion bins with 50 km s−1 intervals.
We also apply 2.7σ-clipping to exclude possible intrud-
ers in each sample following Mamon et al. (2010) (see
also Ferragamo et al. (2020) and references therein). The
line-of-sight velocity dispersion profile measured with the
objects within 2.7σ boundary yields the best fit to that
expected from the NFW density and velocity anisotropic
profile. The clipping is iterated until the distribution
converges or stops when the iteration number is 5. In
each velocity dispersion bin, there are typically ∼ 480
(median) galaxy systems with ∼ 590 (median) satellite
galaxies. For these samples, we calculate the radial ve-
locity differences of the satellites with respective to the
primary galaxies, and use them for computing the system
velocity dispersion.
We use the biweight scale estimator (Beers et al. 1990)
to calculate the velocity dispersion of galaxy systems.
The biweight method is widely used for computing veloc-
ity dispersion of galaxy systems (e.g., Zhang et al. 2011;
Sohn et al. 2020). It is known to be more robust than
other methods based on the assumption of Gaussian dis-
tribution (e.g., Danese et al. 1980), as described in Beers
et al. (1990). We calculate uncertainties of velocity dis-
persions using 10000 times bootstrap resampling. Here-
after, we refer to σsys as the system velocity dispersion
of the stacked sample.
4. RESULTS
Based on the spectroscopically identified sample of iso-
lated galaxies surrounded by faint satellites, we study the
relation between the physical properties of the primary
galaxies and the properties of their dark matter halo
traced by the satellites. We first examine the relation
between the central stellar velocity dispersion and other
physical properties (e.g. luminosity and stellar mass) in
Section 4.1 and Section 4.2. We then explore the rela-
tions between luminosity, stellar mass, and velocity dis-
persion of primary galaxies and their system velocity dis-
persion (Section 4.3 - 4.5).
4.1. Central Stellar Velocity Dispersion and Luminosity
of Primary Galaxies
Figure 8 (a) shows central stellar velocity dispersion
(σ∗,prim) as a function of r-band absolute magnitude
(Mr) of the blue and red primary galaxies. Contours
represent the number density of galaxies in the diagram,
and the median values of the central velocity dispersion
in each bin are marked by the symbols. In general, there
is a strong correlation between σ∗,prim and Mr. The
σ∗,prim values of the red primary galaxies are, on average,
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Figure 8. Central velocity dispersion as a function of (a) r−band absolute magnitude and (b) stellar mass of primary galaxies. Blue and
red symbols show the mean values of blue and red galaxies, respectively. The blue and red dashed lines are the best-fit relations. The black
solid line in the right panel shows the relation for SDSS quiescent galaxies in Zahid et al. (2016) (their Table 1). The gray plus and cross
indicate the MWG and M31, respectively.
larger than those of the blue primary galaxies for given
magnitudes. The relation for the red primary galaxies
shows a break at Mr ≈ −23 mag, and its slope becomes
flatter at the brightest end (Mr ≤ −23 mag).
We fit the relations between σ∗,prim and Mr with a
linear function. Table 2 lists the fitting results. Note
that RMS values in these results are as small as 0.01 to
0.02 dex. The relation for the red primary galaxies with
Mr > −23 mag is given by
log σ∗,prim = (−0.12± 0.01)Mr − (0.29± 0.23), (1)
while the relation for the brightest galaxies at Mr ≤ −23
mag is almost flat,
log σ∗,prim = (−0.09± 0.02)Mr + (0.40± 0.46). (2)
The blue primary galaxies follow a similar relation but
with a steeper slope and ∼0.2 dex smaller zero point for
given magnitudes:
log σ∗,prim = (−0.19± 0.01)Mr − (2.02± 0.19). (3)
The linear relation of the red primary galaxies suggests
Lr ∝ σ3.3∗,prim, which is consistent with the known Faber-
Jackson relation. This result is also similar to the recent
results for the early-type galaxies (with log σ0 = 1.3−3.2)
in the WINGS survey given by D’Onofrio et al. (2019)
(see their Figure 1): logLV ∝ (3.25±0.07) log σ0 with an
RMS scatter of 0.35 dex. In contrast, the blue primary
galaxies follow Lr ∝ σ2.1∗,prim with a smaller power law
index.
4.2. Central Velocity Dispersion and Stellar Mass of
Primary Galaxies
In Figure 8 (b), we show σ∗,prim as a function of
stellar mass (M∗) for the blue and red primary galax-
ies. Blue and red symbols show median σ∗,prim at each
logM∗ bin for the blue and red primary galaxies, re-
spectively. σ∗,prim of the blue and red primary galaxies
is tightly correlated with their M∗, but with a different
slope. Similar to the relations with luminosity, we note
that the slope of red primary galaxies becomes flatter
at log(M∗/M) > 11.2. This break is consistent with
the relation of SDSS early-type galaxies (Bernardi et al.
2011, see their Figure 1). Noting that major dry merg-
ers can change stellar masses of galaxies significantly,
but they change central velocity dispersions (and colors)
much less, Bernardi et al. (2011) suggest that this break
(that appeared at log(M∗/M) = 11.3 in their case) can
be evidence of major-dry-merger-driven growth of the
massive galaxies.
We fit, with a power law, the median σ∗,prim of blue
and red primary galaxies as a function of M∗. Table 3
summarizes the fitting results. The best-fit relation for
the red primary galaxies is:
log σ∗,prim = (0.32± 0.02) log(M∗/M)− (1.16± 0.22)
for log(M∗/M) ≤ 11.2,
and
log σ∗,prim = (0.14± 0.02) log(M∗/M) + (0.85± 0.22)
for log(M∗/M) > 11.2.
The blue primary galaxies follow a steeper relation with
∼0.1 dex smaller zero point for given stellar mass:
log σ∗,prim = (0.40± 0.02) log(M∗/M)− (2.16± 0.22).
(4)
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Fitting results between Mr and σ∗,prim for the sample galaxies
log σ∗,prim = α×Mr + β
Sample α β RMS [dex]
All primaries (Mr > −23) −0.18± 0.01 −1.65± 0.23 0.02
All primaries (Mr ≤ −23) −0.07± 0.03 +0.88± 0.69 0.02
Red primaries (Mr > −23) −0.12± 0.01 −0.29± 0.23 0.01
Red primaries (Mr ≤ −23) −0.09± 0.02 +0.40± 0.46 0.01
Blue primaries −0.19± 0.01 −2.02± 0.19 0.02
Satellite −0.25± 0.01 −3.01± 0.18 0.01
Table 3
Power law fitting results between log(M∗/M) and log σ∗,prim for the
sample galaxies
log σ∗,prim = α× log(M∗/M) + β
Sample α β RMS [dex]
All primaries (logM∗ ≤ 11.2) 0.44± 0.02 −2.50± 0.22 0.02
All primaries (logM∗ > 11.2) 0.14± 0.05 +0.86± 0.56 0.01
Red primaries (logM∗ ≤ 11.2) 0.32± 0.02 −1.16± 0.22 0.01
Red primaries (logM∗ > 11.2) 0.14± 0.02 +0.85± 0.22 0.01
Blue primaries 0.40± 0.02 −2.16± 0.22 0.04
Satellites 0.46± 0.04 −2.59± 0.38 0.14
These relations suggest that the red primary galaxies fol-
low M∗ ∝ σ3.1∗,prim, and that the blue primary galaxies
follow M∗ ∝ σ2.5∗,prim.
We compare the relation for the red primary galax-
ies with a similar relation derived from SDSS quiescent
galaxies from Zahid et al. (2016) (the black solid line in
Figure 8 (b)). Zahid et al. (2016) use a sample of qui-
escent galaxies with Dn4000 > 1.5, log(M∗/M) > 9,
and 0.02 < z < 0.20. They also show that the observed
relations are fitted with a broken power law; the slope
changes at log(M∗/M) = 10.26. The slope of this re-
lation for the same mass range is similar to the slope of
the red primary galaxies we derive.
We also plot the data for the MWG and M31 in Figure
8 (b). We adopt the stellar mass of the MWG ((5± 1)×
1010M) and M31 (1.0×1011M) from Bland-Hawthorn
& Gerhard (2016) and Sick et al. (2015), respectively. We
use the σ∗,prim of the MWG (113± 3 km s−1) measured
within the half mass radius of its bulge (< 1 kpc) from
Bland-Hawthorn & Gerhard (2016). The σ∗,prim of M31
(173 km s−1) is from Whitmore et al. (1979) (see also a
slightly lower value, 166 km s−1, in Fig. 4 of Saglia et
al. (2010)). The MWG and M31 are located close to the
relation for the blue primary galaxies.
Figure 9 displays σ∗,prim versus Mr and M∗ for all
primary and satellite galaxies. Fitting results for these
data are also listed in Tables 2 and 3. While the primary
galaxies show a flatter slope than the satellite galaxies in
the σ∗,prim −Mr relation, both galaxy samples show a
similar slope in the σ∗,prim−M∗ relation. For comparison
we plot the relation for the SDSS quiescent galaxies from
Zahid et al. (2016). The relation for primary and satellite
galaxies in this study agrees well with the relation for the
quiescent galaxies in Zahid et al. (2016). The MWG and
M31 are located close to the relation for the primary
galaxies.
Table 4
Fitting results between Mr and log σsys for the primary
galaxies
log σsys = α×Mr + β
Sample α β RMS [dex]
All primaries −0.15± 0.02 −0.98± 0.50 0.04
Red primaries −0.16± 0.01 −1.04± 0.27 0.02
Blue primaries −0.12± 0.03 −0.50± 0.63 0.05
4.3. System Velocity Dispersion versus Luminosity of
Primary Galaxies
Figure 10 shows the relation between system velocity
dispersion (σsys) and r−band absolute magnitude of the
primary galaxies. Here, we adjusted the bin size along
the absolute magnitude so that the number of data in
each bin is similar. Then, we calculate the system veloc-
ity dispersion from the stacked systems.
For both blue and red primary galaxies, σsys is pro-
portional to Mr. We fit these relations using a linear
function. Table 4 lists the best fit results to these rela-
tions. The best-fit relations are
log σsys = −(0.16± 0.01)Mr − (1.04± 0.27)
for the red primaries,
and
log σsys = −(0.12± 0.03)Mr − (0.50± 0.63)
for the blue primaries.
Thus the red and blue primary galaxies show a similar
slope in this relation, but the red primary galaxies show,
on average, ∼ 0.2 dex larger log σsys values than the
blue primary galaxies for given magnitudes. The best-
fit results suggest that the red primary galaxies follow
Lr ∝ σ2.5sys and the blue primary galaxies follow Lr ∝
σ3.3sys. These power law indices are slightly different from
those in the Lr − σ∗,prim relation (see Section 4.1).
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Figure 9. Same as Figure 8, but for primary (magenta) and satellite (green) galaxies. The meanings of symbols are the same as in Figure
8.
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Figure 10. Velocity dispersion of galaxy systems as a function
of r−band absolute magnitude for blue (blue circles) and red (red
squares) primary galaxies. The blue and red lines show the fitting
results for blue and red primary galaxies.
4.4. System Velocity Dispersion and Stellar Mass of
Primary Galaxies
In Figure 11 we plot the relation between σsys and
stellar mass of primary galaxies (M∗). Similar to the
relations with luminosity, σsys is proportional to M∗ for
both red and blue primary galaxies. Table 5 lists the
best fit results for these relations we obtain with a power
law. The best-fit relations are
log σsys = (0.33± 0.03) log(M∗/M)− (1.25± 0.28)
for the red primaries,
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Figure 11. Velocity dispersion of galaxy systems as a function of
the stellar mass of blue and red primary galaxies. The lines and
symbols are the same as in Figure 10. The gray plus and cross
indicate the MWG and M31, respectively.
and
log σsys = (0.25± 0.01) log(M∗/M)− (0.49± 0.16)
for the blue primaries.
Thus the red primary galaxies show, on average, ∼0.1
dex larger log σsys values than the blue primary galaxies
for given stellar masses. It is noted that the red pri-
mary galaxies show a steeper slope than the blue pri-
mary galaxies in the log σsys − logM∗ relation, while
they show an opposite trend in the log σ∗,prim − logM∗
relation (for logM∗ < 11.2). These relations indicate
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Table 5
Fitting results between log(M∗/M) and log σsys for the
primary galaxies
log σsys = α× log(M∗/M) + β
Sample α β RMS [dex]
All primaries 0.35± 0.01 −1.42± 0.15 0.02
Red primaries 0.33± 0.03 −1.25± 0.28 0.02
Blue primaries 0.25± 0.01 −0.49± 0.16 0.01
that σsys ∝ M0.33∗ for the red primary galaxies and
σsys ∝M0.25∗ for the blue primary galaxies.
We plot the data for the MWG and M31 in Figure
11. We estimate the system velocity dispersion of the
MWG and M31 using the line-of-sight velocity of their
satellite galaxies. From the satellite galaxy catalogs in
Kashibadze, & Karachentsev (2018), we select 33 and
40 satellite galaxies within 200 kpc from the MWG and
M31, respectively. Based on their line-of-sight velocities,
we compute the system velocity dispersion of the MWG
(σ = 119 ± 15 km s−1) and M31 (σM31 = 110 ± 15
km s−1), respectively. The errors of the system velocity
dispersion were derived using bootstrapping with 1000
times resampling. The MWG shows a slightly lower σsys
value than the mean relation for the blue primary galax-
ies for given stellar mass, but its offset is only at the 2σ
level. M31 shows a larger offset at the 3σ level. The
line-of-sight velocity distribution of the satellite galax-
ies of the blue primary systems has a wider range of
−450 < (vlos/km s−1) < 450 than that for the MWG
and M31 (−250 < (vlos/km s−1) < 250). The difference
in the line-of-sight velocity distribution of satellite galax-
ies appears to be intrinsic because the same difference is
shown when we use the blue primary systems identified
by a tighter FoF linking length (∆V < 500 km s−1). The
wider radial velocity distribution results in the larger ve-
locity dispersion of the blue primary systems than the
MWG and M31. To further understand this issue, we
need to identify the MWG and M31 system analogs that
have similar magnitude (mass) distribution of the satel-
lite galaxies. This is beyond the scope of this paper.
4.5. System Velocity Dispersion and Primary Central
Velocity Dispersion
Figure 12 shows the velocity dispersion of galaxy sys-
tems (σsys) versus central stellar velocity dispersion
(σ∗,prim) of the blue and red primary galaxies. Remark-
ably, σ∗,prim of the red primary galaxies shows a tight
correlation with σsys. Table 6 summarizes the power law
fitting results. The best-fit result for the red primary
galaxies is:
log σsys = (1.01± 0.13) log σ∗,prim + (0.05± 0.31). (5)
The slope of this relation is essentially identical to one.
We also check the same relation for quiescent primary
galaxies with Dn4000 ≥ 1.6; their relation is consis-
tent with that of the red primary galaxies. The re-
lation for the blue primary galaxies is slightly flatter
(α = 0.74±0.09) than for that for the red primaries. Nev-
ertheless, σsys and σ∗,prim for the blue primary galaxies
are strongly correlated with each other.
We compare our results with the relation for the dark
matter halos based on hydrodynamic simulations. Based
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Figure 12. Velocity dispersion of galaxy systems as a function of
central stellar velocity dispersion of primary galaxies. The symbols
are the same as in Figure 11. The dotted and dot-dashed lines
represent the power law fits for red and blue primaries. The black
solid line shows the relation for quiescent galaxies from the Illustris-
1 simulations (Zahid et al. 2018). The cyan band represents the
vmax − σ0 relation for spiral galaxies in Davis et al. (2019). The
magenta band is the vcirc − σe relation for early type galaxies in
Serra et al. (2016). The gray line is a one-to-one relation. The gray
plus and cross indicate the MWG and M31, respectively.
on the Illistris-1 cosmological simulations, Zahid et al.
(2018) derive scaling relations between the dark mat-
ter halo mass and the velocity dispersion of quiescent
galaxies with star formation rates less than 2×10−10M
yr−1. Combining their equations (4) and (7), we ob-
tain a relation between the dark matter halo velocity
dispersion (σT, DM ) and the line-of-sight stellar veloc-
ity dispersion for half-mass radius of galaxies (σh,∗):
log σT,DM = 0.99 log σh,∗ + 0.06 with an RMS of 0.17
dex. Here we assume that σT,DM corresponds to system
velocity dispersion (σsys) and σh,∗ corresponds to stellar
velocity dispersion of primary galaxies (σ∗,prim).
The black solid line in Figure 12 shows the relation
from Zahid et al. (2018). Their relation has a similar
slope to that of the red primary galaxies although the
zero point is slightly lower. The difference in zero points
can be originated from the different definition of system
velocity dispersion in the two studies. The relation of
the blue primary galaxies is significantly shallower than
the relation from the simulations for quiescent galaxies.
We also plot the data for the MWG and M31 in Fig-
ure 12. The data for the MWG is consistent with the
mean relation for the blue primary galaxies (it is slightly
lower but at the 1σ level). However, M31 shows a larger
offset at the 3σ level. M31 shows also an offset from the
simulations (Zahid et al. 2018) at the 3σ level, while the
MWG is consistent with the simulations.
5. DISCUSSION
5.1. Comparison of σsys − σ∗,prim and vmax − σ0
Relations
The rotation velocity of galaxies is another well-known
tracer for dark matter halo of rotating galaxies, which is
often applied to disk galaxies (Serra et al. 2016; Katz
et al. 2019; Davis et al. 2019). For spiral galaxies,
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Table 6
Power law fitting results between σ∗,prim and σsys for the
primary galaxies
log σsys = α× log σ∗,prim + β
Sample α β RMS [dex]
All primaries 0.94± 0.09 0.22± 0.22 0.03
Red primaries 1.01± 0.13 0.05± 0.31 0.02
Quiescent primaries 0.99± 0.13 0.10± 0.30 0.03
Blue primaries 0.74± 0.09 0.62± 0.20 0.01
Zahid et al. (2018) 0.99± 0.03 0.06± 0.06 0.17a
a RMS of Zahid et al. (2018) was derived from quadratic sum-
mation of their equations (3) and (8).
the maximum rotational velocity has been used as an
accurate tracer of circular velocity at large radii (i.e.,
vmax ≈ vcirc). Thus, the maximum rotational velocity is
used to estimate the mass of the dark matter halo (Katz
et al. 2019; Davis et al. 2019). For example, Davis et
al. (2019) explored a scaling relation between vmax and
bulge (central) stellar velocity dispersion (σ0) based on
a sample of 40 spiral galaxies with log σ0 = 2.0 − 2.35.
They showed that there is a correlation between vmax
and σ0, but with a large scatter (their equation (6):
log vmax ∝ (0.65±0.10) log σ0 with an RMS of 0.07 dex).
The cyan band in Figure 12 shows the vmax − σ0 rela-
tion for the spiral galaxies from Davis et al. (2019). The
slope of this relation is similar to that of the σsys−σ∗,prim
relation of the blue primary galaxies. The zero point dif-
ference (∼ 0.15 dex) is within in the uncertainties of the
relations. The consistency in these relations suggest that
both vmax for the spiral galaxies and σsys for the blue
primary galaxies are correlated with the central stellar
velocity dispersion of each of the same galaxy.
Estimating the rotational velocity of early-type galax-
ies is not straightforward. Serra et al. (2016) measured
the rotational velocity (vcirc,HI) of 16 early-type galax-
ies hosting large regular HI disk (or ring). They de-
rived a tight relation between vcirc,HI and central stel-
lar velocity dispersion (log σe = 2.0 − 2.4): log vmax ∝
(0.96± 0.11) log σe (their equation (1)). We plot this re-
lation with a magenta band in Figure 12. This relation
is in good agreement with the σsys − σ∗,prim relation for
the red primary galaxies we derived.
5.2. Relations between Primary Properties and Dark
Matter Halo Mass
Many previous studies investigate the relation between
the physical properties of primary (central) galaxies and
their dark matter halo mass. Following this, we also in-
vestigate the relation between the stellar mass and the
central velocity dispersion of primary galaxies as a func-
tion of the dark matter halo mass inferred from their
system velocity dispersions.
We convert σsys into MDM based on the two scaling
relations from Rines et al. (2016) and Abdullah et al.
(2020). Rines et al. (2016) derive the relation based on
the system velocity dispersion of 21 clusters and their
mass estimated from Planck Sunyaev-Zel’dovich mea-
surements (MSZ , see their equation 5). We also used
the scaling relation from Abdullah et al. (2020) based on
GalWcat, which includes ∼18000 galaxy clusters iden-
tified from the SDSS spectroscopic sample. Abdullah
et al. (2020) estimate σsys and MDM of galaxy clus-
ters using virial mass estimator (Binney & Tremaine
1987; Rines et al. 2013) and derive the best-fit relation:
σ200 = (946±52)∗[h(z)M200/1015M](0.349±0.142), where
σ200 is the velocity dispersion of galaxies within R200.
The relation explains the observed relation well, partic-
ularly at ∼ 1014M, where the relations derived from
cosmological simulations show slight offsets (e.g., Evrard
et al. 2008; Saro et al. 2013; Munari et al. 2013; Armitage
et al. 2018). We simply assume that σsys and MDM cor-
respond to σ200 and M200 (or MSZ), respectively.
Figure 13 illustrates the M∗ and MDM relations for
the isolated galaxy systems. We use the scaling relations
from Rines et al. (2016) (the left panel) and Abdullah et
al. (2020) (the right panel), respectively. The relations
between M∗ and MDM derived based on the two scaling
relations show zero-point offset resulting from the dif-
ferent definition of MDM : MDM = MSZ in Rines et al.
(2016) and MDM = M200,virial in Abdullah et al. (2020).
There are strong correlations between M∗ and MDM
for both blue and red primary systems, similar to the re-
sults from previous observational studies (e.g., Wojtak &
Mamon 2013; Erfanianfar et al. 2019). Table 7 summa-
rizes the fitting results based on the scaling relation from
Rines et al. (2016) with the RMS values of 0.04 − 0.05
dex. The best-fit relations between M∗ and MDM for
the red and blue primary galaxies are
log(MDM/M) = (1.05±0.08) log(M∗/M)+(1.66±0.88),
(6)
and
log(MDM/M) = (0.79±0.05) log(M∗/M)+(4.05±0.49),
(7)
respectively. We also list the best-fit relations between
M∗ and MDM estimated based on the scaling relation
from Abdullah et al. (2020) in Table 7. The slope for
the red primary galaxies based on the two scaling rela-
tions is essentially identical to one; the slope for the blue
primary galaxies is slightly shallower. Interestingly, the
red primary galaxies are located in more massive (∼0.4
dex) dark matter halo than the blue primary galaxies at
a given M∗ of the primary galaxies.
Figure 13 compares the relations we derive with those
from Wojtak & Mamon (2013), also obtained from the
isolated galaxy systems in SDSS spectroscopic sample.
Wojtak & Mamon (2013) identified the isolated galaxy
systems from SDSS DR7 based on more generous cri-
teria than our selections: ∆D < 1 Mpc, |∆V | < 1500
km s−1, and ∆Mr > 1.505. Their sample includes 3800
red and 1600 blue primary galaxies surrounded by 8800
and 2600 satellite galaxies, respectively. The red and
blue primary galaxies are separated based on the color-
magnitude relation rather than a simple color selection.
They obtained stellar mass of galaxies from the SDSS
MPA/JHU catalog (Salim et al. 2007); these measure-
ments are systematically larger (∼0.2 dex) than the mass
estimates we use. Thus, we shifted the relations from
Wojtak & Mamon (2013) by −0.2 dex in the M∗ direc-
tion for fair comparison. They compute the MDM values
using their projected phase space (PPS) model, which
yields an MDM distribution consistent with that from
ΛCDM simulations.
The M∗ and MDM relations we derive using the Rines
et al. (2016) relation are consistent with the results from
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Figure 13. Dark matter halo mass as a function of stellar mass of the primary galaxies based on (a) the Rines et al. (2016) relation and
(b) the Abdullah et al. (2020) relation. Blue and red symbols and lines are for blue and red primary systems. The open plus and cross
indicate the MWG and M31, respectively, based on the DM halo mass from the literature. The filled plus and cross display the MWG and
M31, respectively, based on their DM halo mass we translate from their stellar velocity dispersions using the scaling relation. Black filled
and open triangles show the relations for blue and red SDSS galaxies from Wojtak & Mamon (2013). The relations of Wojtak & Mamon
(2013) are shifted to be consistent with the results in this study (see Section 5.2.). Yellow solid and blue dashed curves are the relations for
quenched and star-formation populations generated with UniverseMachine DR1 (Behroozi et al. 2019). The dot-dashed line is the model
for z = 0 from Girelli et al. (2020).
Table 7
Fitting results between log(MDM/M and log(M∗/M) for the primary galaxies
log(MDM/M) = α× log(M∗/M) + β
Sample α β RMS [dex] Ref.a
All primaries 1.09± 0.04 1.13± 0.46 0.05
Red primaries 1.05± 0.08 1.66± 0.88 0.05 Rines et al. (2016)
Blue primaries 0.79± 0.05 4.05± 0.49 0.04
All primaries 1.00± 0.04 2.56± 0.42 0.04
Red primaries 0.96± 0.07 3.06± 0.80 0.05 Abdullah et al. (2020)
Blue primaries 0.73± 0.04 5.24± 0.45 0.03
a References for the satellite velocity dispersion - halo mass relations we used to
compute MDM .
Wojtak & Mamon (2013), while those we derive using
the Abdullah et al. (2020) relation show slight offsets
to the higher MDM . We note that the MDM used in
Wojtak & Mamon (2013) is slightly lower than the MDM
used in other previous studies (see discussion in Wojtak
& Mamon 2013; van Uitert et al. 2016). For example,
van Uitert et al. (2016) discussed that the MDM from
Wojtak & Mamon (2013) is 30 − 40% lower than the
mass estimates based on weak lensing analysis.
For comparison, we show the MWG and M31 in Figure
13. We derive MDM,MW from σsys values for the MWG
and M31 using the scaling relations in Rines et al. (2016)
and Abdullah et al. (2020), and plot them with filled
symbols. We also obtainMDM,MW ((1.4±0.3)×1012M)
and MDM,M31((1.4 ± 0.4) × 1012M) estimated from
Watkins et al. (2010), plot them with open symbols. The
values we derive using the Rines et al. (2016) relation are
more similar to those based on Watkins et al. (2010). The
MWG and M31 show offsets to the lower value at the 2σ
and 3σ levels from the relation for the blue primary sys-
tems derived using the Rines et al. (2016) relation, and
they show larger offsets from the results based on the
Abdullah et al. (2020) relation.
We also compare the observed relations with similar re-
lations based on simulations from UniverseMachine DR1
(Behroozi et al. 2019) and on models from Girelli et al.
(2020). The solid and dashed lines in Figure 13 display
the M∗ −MDM relation for quenched and star-forming
populations for z = 0.1, respectively, in the UniverseMa-
chine. Because UniverseMachine does not provide mod-
els for blue and red galaxies separated by colors, we as-
sume that the models for quenched and star-forming pop-
ulations correspond to red and blue galaxies in this study.
There are interesting differences between the relations
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from observations and the UniverseMachine. The Uni-
verseMachine models show a break at log(M/M) ≈
10.5, which is absent from our results (also from the
results of Wojtak & Mamon 2013). The UniverseMa-
chine models at log(MDM/M) > 12 are much steeper
than the relations for the red primary galaxies in this
study. The relation for z = 0 in Girelli et al. (2020)
is even steeper than the UniverseMachine models at the
high mass end. In addition, the difference between the
quenched and star-forming models in UniverseMachine
is much smaller than that between the red and blue pri-
mary galaxies in this study. Further studies with inde-
pendent measurements of MDM of the galaxy systems
(e.g., based on lensing techniques) are needed to under-
stand these differences with the models.
Figure 14 shows MDM we derived as a function of
σ∗,prim. As expected from the linear relation between
σ∗,prim and σsys derived in this study, MDM is propor-
tional to σ∗,prim. We fit the relation we derive using the
scaling relation from Rines et al. (2016) and Abdullah
et al. (2020) with a power law, listing the results in Ta-
ble 8. RMS values are 0.04–0.10. The best-fit relations
between σ∗,prim and MDM estimated using the scaling
relation from Rines et al. (2016) are
log(MDM/M) = (3.17±0.41) log σ∗,prim+(5.74±0.97),
(8)
and
log(MDM/M) = (2.33±0.29) log σ∗,prim+(7.53±0.61),
(9)
for the red and blue primary galaxies, respectively. These
relations are useful in estimating the dark matter halo
mass of the galaxies for which the values of the central
velocity dispersion are available.
The relation for the red primary galaxies based on the
Rines et al. (2016) relation agrees very well with the ex-
pected relation based on the Illustris-I simulations (Zahid
et al. 2018), as shown by the yellow band. The observed
relation based on the Abdullah et al. (2020) scaling re-
lation shows an offset toward high MDM compared to
the relations from the numerical simulations. The data
of the MWG is consistent with the relation for the blue
primary galaxies, and M31 shows an offset at the 3σ level
to the lower MDM .
5.3. Comparison with Massive Clusters
We demonstrated that there is a clear relation between
σ∗,prim and σsys for both blue and red primary systems.
Sohn et al. (2020) investigate a similar relation between
the stellar velocity dispersion of the brightest cluster
galaxies (BCGs) and the cluster velocity dispersion de-
rived from a spectroscopic sample of cluster members.
They suggest that this relation is an important test for
central galaxy formation and structure formation mod-
els.
Figure 15 compares the σsys−σ∗,prim relations for the
isolated galaxy systems in this study and for the clus-
ter sample (gray circles) from Sohn et al. (2020). The
comparison cluster sample includes 225 HeCS-omnibus
clusters. The velocity dispersions of the clusters (σcl) are
derived from spectroscopically identified cluster members
(∼180 for each cluster) using the biweight scale, as used
in this study. A majority of the HeCS-omnibus clusters
have 400 < σcl < 1000 km s
−1, much larger than the
σsys for the isolated galaxy systems in this study. The
gray dashed line is the best-fit result from Sohn et al.
(2020).
Interestingly, the relation we derived for the isolated
galaxy systems in this study differs clearly from the re-
lation for the galaxy clusters. Although the BCGs in
some clusters with small log σcl ∼ 2.5 have similar stel-
lar velocity dispersions to those of the isolated systems,
a majority of the galaxy clusters show a much steeper
σcl − σ∗,prim relation. The relation for galaxy clusters
also has a different slope compared to the relation from
the numerical simulation in Zahid et al. (2018), as Sohn
et al. (2020) pointed out.
We note that the definitions of σsys in the two studies
are different. For isolated galaxy systems, we use satellite
galaxies identified by the FoF algorithm with the limited
linking length which may include some intruders. In the
case of galaxy clusters, the cluster members are identi-
fied based on the caustic technique (Diaferio & Geller
1997). Furthermore, we compute σsys from the stacked
sample including many isolated systems, while Sohn et
al. (2020) measured σcl for individual galaxy clusters.
Zahid et al. (2018) estimate the stellar velocity disper-
sions and the dark matter halo velocity dispersions from
the simulations with similar manner to this study. This
difference in definition would introduce some differences
in the relations.
The different relations of the galaxy clusters and the
isolated galaxy systems indicate that σsyss for these two
systems may trace different halos. In other words, the
σsys we derived for the isolated galaxy systems traces the
local halo of the isolated primary galaxies, while the σsys
for galaxy clusters traces the extended cluster halo, much
larger than the BCG halo. This separation is consistent
with the interpretation of cluster simulations. Dolag et
al. (2010) demonstrate that there are two dynamically
well-distinct stellar components in simulated galaxy clus-
ters: a component with small velocity dispersion traces
the local halo of the BCGs (or cD galaxies) and the other
component represent diffuse stellar population governed
by the cluster halo. In this point of view, the σsys of
galaxy clusters may be consistent with the σ of diffuse
stellar population and the σsys of isolated galaxy sys-
tems may be consistent with the σ of the primary galaxy
halos.
To test this hypothesis further, observations of other
tracers for the primary galaxies of clusters and isolated
galaxies are required. Strong lensing observations pro-
vide excellent constraints on the mass associated with
the galaxy and cluster halo, respectively (e.g., Monna et
al. 2017). For local BCGs or primary galaxies, observa-
tions for other dynamical mass tracers including globular
clusters and planetary nebulae enable us to constraint
the mass within the local halo of the primary galaxies
(e.g., Ko et al. 2017; Longobardi et al. 2018a,b).
6. SUMMARY AND CONCLUSION
We construct a complete sample of isolated galaxies
hosting faint satellites (∆r > 2 mag) by applying the
friends-of-friends algorithm to the SDSS DR12 spectro-
scopic galaxy catalog. We first divide the sample ac-
cording to the color of the primary galaxies: red primary
galaxies with (g − r)0 > 0.85 and blue primary galaxies
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Figure 14. Dark matter halo mass (derived from satellite velocity dispersion using the relation in (a) Rines et al. (2016) and (b)
Abdullah et al. (2020)) vs. central velocity dispersion of blue and red primary galaxies. The yellow band represents the relation (M200 vs.
σh,∗(= σ∗,prim)) based on Illustris-1 simulations given by Zahid et al. (2018). The meanings of the gray symbols are the same as in Figure
13.
Table 8
Fitting results between σ∗,prim and MaDM for the primary samples
logMDM = α× log σ∗,prim + β
Sample α β RMS [dex] Ref.a
All primaries 2.94± 0.29 6.27± 0.68 0.10
Red primaries 3.17± 0.41 5.74± 0.97 0.08 Rines et al. (2016)
Blue primaries 2.33± 0.29 7.53± 0.61 0.04
All primaries 2.69± 0.27 7.27± 0.62 0.09
Red primaries 2.90± 0.38 6.78± 0.89 0.07 Abdullah et al. (2020)
Blue primaries 2.13± 0.27 8.41± 0.56 0.09
a References for the M200 − σsys relations we used to compute MDM .
with (g−r)0 ≤ 0.85. Based on the large sample, we stack
the galaxy systems depending on the physical properties
(i.e., Mr,M∗, σ∗,prim) of their primary galaxies to derive
the system velocity dispersion. Then we investigated the
relation between the system velocity dispersion and the
physical properties of the primary galaxies. Main results
are summarized as follows.
• Velocity dispersions of the galaxy systems (σsys)
show a strong correlation with the central stel-
lar velocity dispersion of the primary galaxies
(σ∗,prim). Particularly, in the case of systems with
the red primary galaxies, σsys is directly propor-
tional to σ∗,prim with a slope of one. σsys for
the blue primary galaxies is also correlated with
σ∗,prim, but with a shallower slope (α = 0.74 ±
0.09).
• σsys is also proportional to luminosity and stellar
mass of the primary galaxies. In general, the more
massive systems host red primary galaxies.
• Because there is a power law relation between σsys
and the dark matter halo mass (MDM ), the phys-
ical properties of primary galaxies are correlated
with their dark matter halo masses. We derive the
relations between σ∗,prim and MDM (as well as M∗)
for the further comparison with various models.
• We compare the σsys − σ∗,prim relation of the iso-
lated galaxy systems with the same relation for
galaxy clusters from Sohn et al. (2020). The re-
lation for the galaxy cluster shows a much steeper
slope. The different slopes of the relations suggest
that σsys for our target systems and the clusters
trace different halos, i.e., the local halo of the pri-
mary galaxies and the halo of the entire clusters,
respectively.
In conclusion, the stellar velocity dispersion of a galaxy
is an efficient and robust tracer for its dark matter halo
mass. We highlight that the stellar velocity dispersion
is a robust spectroscopic measure which can be mea-
sured from the future large spectroscopic surveys like
DESI, 4MOST, Subaru/PFS. In the near future, wide
15
1.75 2.00 2.25 2.50 2.75
log( *, Prim/ km s 1)
1.75
2.00
2.25
2.50
2.75
3.00
lo
g(
sy
s/ 
km
 s
1 )
Sim (Zahid+18)
Early Type (Serra+18)
Spirals (Davis+19)
Red
Blue
HeCS (Sohn+20)
M31
MW
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galaxy clusters given by Sohn et al. (2020). The gray plus and cross indicate the MWG and M31, respectively.
field imaging and spectroscopic observations enable the
exploration of dark matter halo properties based on sta-
tistical analysis of lensing observations. Combining this
dark matter mass estimates with a large sample of stellar
velocity dispersion measurements would be an important
test for galaxy and structure formation models.
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